ABSTRACT The ability to avoid blue-light radiation is crucial for bacteria to survive. In Halorhodospira halophila, the putative receptor for this response is known as photoactive yellow protein (PYP). Its response to blue light is mediated by changes in the optical properties of the chromophore para-coumaric acid (pCA) in the protein active site. PYP displays photocycle kinetics with a strong pH dependence for ground-state recovery, which has remained enigmatic. To resolve this problem, a comprehensive pK a determination of the active-site residues of PYP is required. Herein, we show that Glu-46 stays protonated from pH 3.4 to pH 11.4 in the ground (pG) state. This conclusion is supported by the observed hydrogen-bonded protons between Glu-46 and pCA and Tyr-42 and pCA, which are persistent over the entire pH range. Our experimental results show that none of the activesite residues of PYP undergo pH-induced changes in the pG state. Ineluctably, the pH dependence of pG recovery is linked to conformational change that is dependent upon the population of the relevant protonation state of Glu-46 and the pCA chromophore in the excited state, collaterally explaining why pG recovery is slow.
INTRODUCTION
Photoactive yellow protein (PYP) is a small (14 kDa) soluble protein from the negative phototactic bacterium Halorhodospira halophila. The absorption spectrum of PYP correlates perfectly with the wavelength dependence of the phototactic response, and hence, PYP has been suggested to serve as the photoreceptor for negative phototaxis (1) . PYP contains 125 amino acids (aa), which form a sheet of six antiparallel b-strands flanked by five a-helices in an a/b-fold. High-resolution structures of PYP have been determined by x-ray and neutron crystallography and NMR spectroscopy (2) (3) (4) . The chromophore of PYP, para-coumaric acid (pCA), is buried in the hydrophobic core of the protein and forms a covalent thioester bond to Cys-69 and two short hydrogen bonds with Tyr-42 and Glu-46. Early studies suggested, based on absorption spectroscopy (5, 6) , Raman spectroscopy (7) , and x-ray crystallography (5) , that the pCA chromophore is present as a phenolate anion in the pG state. However, more
recently, joint refinement of x-ray and neutron crystallography diffraction data showed that the deuterium is shared between Glu-46 and pCA, suggesting that the negative charge is delocalized by resonance comprising both p-conjugated groups (4) . Furthermore, the backbone atoms of Cys-69 are involved in hydrogen bonds to the side-chain atoms of Tyr-94 and Ser-72 (Fig. 1) . Arg-52 is considered to function as a gate to the active center of PYP, causing solvent exposure and protonation of the chromophore upon opening (8) .
Upon blue-light irradiation, absorption of a photon triggers the trans-to-cis isomerization of the pCA cofactor on the picosecond timescale (9) . This process is followed by dissociation of the N-terminal region from its Per-ArntSim domain and proton transfer, leading to breakage of the unusually short hydrogen bond between pCA and Glu-46. As a consequence, the active site becomes exposed to the solvent and pCA becomes protonated. This state is known as the pB (excited) or PYP M state. The wavelength where pCA absorption is at a maximum changes from 446 nm in the ground (pG) state to 355 nm in the pB state (3, 10) . Finally, the partially folded form of PYP in the pB state relaxes back in the pG state, which is characterized by formation of the central b-sheet and consolidation of residues close to pCA on the second timescale (3) .
During the steps in this photocycle, PYP undergoes a sequence of structural changes, and the timescale for recovery of the pG state displays a strong pH dependence (11-13): The recovery rate from pB to pG exhibits a bellshaped curve with a maximum at pH 7.9. The pK values extracted from that curve are 6.4 and 9.4, indicating that protonation and deprotonation of two groups is involved (14) . When Glu-46 is mutated to Gln, the recovery-rate curve changes from bell-shaped to sigmoidal, and the maximal rate is increased by two orders of magnitude. The extracted pK value from that curve is 8 (14) .
One theoretical study put forward that in the pB state, the pK a values for Glu-46 and chromophore pCA are 6.37 and 9.35, respectively (15) . In that study, it was suggested that the extracted pK constants from the bell-shaped curve of Genick et al. (14) correspond to the pK a constants of Glu-46 and pCA in the pB state (15) . In pB at low pH, Glu-46 and pCA are predominantly in their protonated form, which causes slow recovery from pB to pG, as Glu-46 needs to become deprotonated. As the pH increases, the fraction of deprotonated Glu-46 increases, and this accelerates the recovery rate. However, above pH 7.9, recovery again becomes slow, as now the productive fraction of protonated pCA rapidly decreases. In contrast, in a recent quantum mechanics/molecular mechanics study, pK a constants for Glu-46 and pCA in pG were calculated to be 8.6 and 5.4, respectively (16) , at variance with previous studies (17, 18) and implying that the pH dependence of recovery would also depend on proton affinities in pG.
Unfortunately, until now, residue-specific experimental determination of active-site protonation states and pK a constants for PYP was lacking, so that it cannot be concluded to what extent the pH dependence of photocycle pB-state recovery is due to protonation/deprotonation that occurs in the pG or pB state.
NMR spectroscopy is the most reliable method for determining the protonation state of individual titratable groups in proteins (19) . Several two-dimensional (2D) NMR experiments have been developed to determine the individual side-chain pK a constants for His, Asp, Glu, Tyr, Lys, and Arg in proteins (19) (20) (21) (22) (23) (24) (25) . In this study, we present a comprehensive side-chain pK a determination of titratable groups in the PYP active site by NMR. Our results demonstrate that none of the groups around the active site change protonation state in the pG state over the pH interval from 3.4 to 11.4. However, the pH dependence of PYP in the photocycle can be adequately explained by a pH dependence of the active-site residues in the pB state.
MATERIAL AND METHODS

Sample preparation
Uniformly 
NMR experiments
Unless specified otherwise, all 1D 1 H, 2D, and 3D NMR experiments were carried out at 293 K using a Varian Unity INOVA 600 MHz spectrometer equipped with a triple-resonance field-gradient probe. For experimental settings, see the Supporting Material. The 2D and 3D NMR data were processed using NMRPipe (27) , and the spectra were analyzed using Sparky (28) . All chemical shifts were referenced to 4.4-dimethyl-4-silapentane-1-sulfonate according to the recommendation of the International Union of Pure and Applied Chemistry (29) .
Assignment of the Tyr-42 hydroxyl proton signal
The phenolic hydroxyl proton of Tyr-42 was assigned using a long-range 1 H-13 C correlation experiment, as shown in Fig. 2 . The spectrum for uniformly [ Empirically, we found that, given that 1 J CH is 160 Hz, sensitivity of the spectrum was highest when setting t ¼ 2/(2 Â 160) ¼ 6.25 ms. Durations of the z-axis pulsed-field gradients were 1.0 ms. The phase cycle employed was f 1 ¼ {x, Àx}, f 2 ¼ {x, x, Àx, Àx}, and f rec ¼ {x, Àx, Àx, x}. Quadrature detection in the t 1 dimension was achieved with the States-TPPI protocol.
Data analysis
The chemical-shift titration data were analyzed using the Henderson-Hasselbalch equation, appropriate for rapid exchange of the nuclei between environments associated with neutral and charged states of the side chain: 
RESULTS
pH-titration experiments were performed in the pH range 3.4-11.4. In this range, the protein is folded as indicated by the appearance of the 1 H-15 N heteronuclear single-quantum correlation spectrum and also by the presence of signals for the protons belonging to the two short hydrogen bonds of Tyr-42 and Glu-46 with the pCA chromophore (vide infra). Below pH 3, PYP is partially unfolded (30), and above pH 11.7, the thioester bond that connects the pCA chromophore to Cys-69 would be hydrolyzed (6) .
Titration of glutamic acid and aspartic acid residues
The protonation state and pK a constants for Glu and Asp residues are typically established by monitoring the side-chain carboxyl ( 13 Cg/ 13 Cd) chemical-shift changes using the 2D H2(C)CO experiment (23) . However, since signals for Glu-46 and Asp-53 were not detected in the H2C(C)O spectrum, we resorted to (H)C(CO)NH-TOCSY spectroscopy to follow 13 Cgb and 13 Cg chemical shifts for Asp and Glu, respectively, based on previously established assignments (31) .
As exemplified for the solvent-exposed residue Glu-74 in Fig. 3 , B and D, deprotonation is typically accompanied by a change in the 13 Cg chemical shift of $4 ppm (19). Fig. 3 , A (21, 33) . The resulting spectrum is shown in Fig. 4 , and it confirms the previously reported assignment of hydrogen-bonded protons from Tyr-42 and Glu-46 (31, 32) .
Next, using water flip-back 1D proton NMR spectroscopy, signals due to hydrogen-bonded protons from Tyr-42 and Glu-46 were monitored as a function of pH. Fig. 5 shows that these proton signals are present in the entire pH range 3.4-11.4 at 20 C. This result is consistent with our previous finding that the Tyr-42 pK a value is >13 (24). Again, electrostatic interactions in the active site of PYP remain unaltered in the pH range 3.4-11.4 in the dark state. In addition, the chemical shifts of the hydrogen-bonded protons of Glu-46 and Tyr-42 do not change, which implies that those bonds have a very persistent geometry in the pG state over the entire pH range studied here.
The hydrogen bond to the backbone carbonyl of Thr-50 remains intact
Based on the crystal structure of PYP, the backbone carbonyl of Thr-50 participates in a hydrogen bond with Hh of Arg-52 (2). A previous study showed that backbone carbonyl chemical-shift changes can be used to probe hydrogen bonding of non-titrating residues. For example, a change of 1 ppm in backbone carbonyl 13 C chemical shift was observed for Lys-10 in the B1 domain of protein G, and found to accurately reflect the pK a value of the donor Glu-56 (34) .
We therefore used the pH-dependence of the Thr-50 backbone carbonyl 13 C chemical shift to test for any pH-dependent change in hydrogen bonding of Thr-50 to Arg-52, using 2D CO(CA)HA spectroscopy (35) . This 2D NMR experiment, which correlates backbone carbonyl and Ha signals, is suitable for pH titration studies, since Ha protons do not exchange with water. As shown in Fig. 6 A, there is no chemical-shift change of the Thr-50 carbonyl resonance during the titration from pH 5.0 to pH 11.2. For comparison, we observe an $0.5 ppm change in the backbone carbonyl chemical shift of Thr-70, which reports the pK a value of Asp-71 (Fig. 6, B and C) . The small ($0.2 ppm) change below pH 5 most likely reflects the onset of a large change as a result of loss of the hydrogen bond to the chromophore, which occurs below pH 3.
DISCUSSION
Lack of titration in the active site of PYP
The NMR chemical shifts of nuclei nearby titratable groups carry information about individual titratable amino acid groups in the protein. In this study, we show that the side chain of Glu-46 does not change its protonation state over the entire pH range 3.4-11.4. Our study also shows that the side chain of Tyr-42 stays protonated in the same pH range. These conclusions are supported by the existence of hydrogen bonds between Glu-46 and pCA and between Tyr-42 and pCA, as directly observed by 1D 1 H NMR. The lack of any chemical-shift changes also indicates that the chromophore pCA stays unaltered in that pH range. In addition, the side chain of Tyr-94, which forms a hydrogen bond with the backbone carbonyl of Cys-69, and Thr-50, which is hydrogen bonding to Arg-52, remains in the same protonation state in the pH range 3.4-11.4 (24) . These results indicate that the active site of the PYP pG state is remarkably robust, and that all pK a constants lie outside of the studied pH interval. What is more, changes in the chromophore protonation state may be incompatible with an energetically stable pG structure, and they lie at the basis of the existence of the pB signaling state.
Stabilization of the pCA chromophore
When Glu-46 and Tyr-42 are mutated, significant changes in the wavelength absorption maximum of PYP are observed (14, 36) . The short hydrogen bonds between the phenolic oxygen of the chromophore pCA and the side chains of Glu-46 and Tyr-42 stabilize surplus electron density by redistribution over an extended conjugated network. The mutation of Glu-46 to Gln red-shifts the absorption maximum of pCA from 446 to 462 nm (11, 26, 36) . This shift can be rationalized in terms of an increased negative charge density on the chromophore, since the hydrogen bond between Gln and pCA is weaker than that between Glu and pCA. A red shift in the absorption maximum (from 446 to 466 nm) is also found when PYP is reconstituted with a modified chromophore containing an electron withdrawing cyano group (32) . Also, when Tyr-42 is mutated to Phe, two peaks occur in the absorption spectrum of pCA (at 458 and 385 nm) (36) . This result demonstrates that two populations are present, which corresponds to a structural change of the pCA chromophore. Since the absorption at 385 nm is much closer to the absorption in the pB state, this also may indicate that some of the population may shift toward the pB state, in which the surrounding of pCA does not stay intact in the active site of PYP.
A recent quantum mechanics/molecular mechanics computational study suggested that the pK a values of Glu-46 and pCA are 8.6 and 5.4, respectively, in the pG state (16) . However, the result of this computational study is not in agreement with our experimental data, where none of the titratable groups in the active site changed their protonation state in the measured interval pH 3.4-11.4. On the other hand, a neutron crystallography study proposed similar values for the two proton affinities as a consequence of the presence of a low-barrier hydrogen bond between them (4). Apparently, the very strong electrostatic coupling between the two residues prevents their individual titration from being measured. The hydrogen bond between pCA and Glu-46 is so strong to keep the chromophore pCA locked in the active site of PYP in the dark state. Absorption of a photon by the chromophore leads to an injection of a tremendous amount of energy into the structure, being redistributed among various degrees of freedom over several timescales, finally dislodging the helix containing Tyr-42 and Glu-46 and leading to significant structural change (37, 38) . Tacking the helix by strong hydrogen-bonding interactions to the chromophore ensures structural stability in the dark state while maintaining the possibility of presenting a very different conformation upon light capture, and presents a remarkable solution of Nature for life to respond to light.
The pH dependence of kinetic recovery
Our study reveals that the pH dependence of pG-state recovery is not due to a protonation or deprotonation event in the pG state. Therefore, it should result from protonation-state changes in the pB state. The bell-shaped curve for the rate constant of PYP conversion to pG as a function of pH reflects two pK constant values of 6.37 and 9.35 (14, 15) . Those pK constants would correspond well with the pK a of Glu-46 and pCA in the pB state, where both groups become more solvent exposed. Our results provide direct evidence for the proposal of Demchuk et al. (15) , where the pK a value for Glu-46 is predicted to be extremely high. It also agrees with a pK a value of 2.8 for chromophore pCA, based on ultraviolet-visible spectroscopy (18) , although based on recent results, it is not possible to change the charge state of either group while retaining the native structure, and the proton may actually not be assigned to only one of the two groups (4). The explanation is also consistent with a second theoretical study suggesting that the pK a values of pCA and Glu-46 are close to their intrinsic values of 9.0 and 4.3, respectively, in the pB state (15) . Following Demchuk et al. (15) , the fraction of pB that is productive in the forward reaction to pG is shown in Fig. 7 , calculated based on Eq. 2, below, which is the product of the productive-protonation-state fraction as a function of pH, namely, protonated Glu-46 and deprotonated pCA:
where pK 1 is 6.4 and pK 2 is 9.4. The pK a constants are assigned to the side chain of Glu-46 and to pCA, respectively, in the pB state, as suggested previously (15) . These pK a values are somewhat shifted relative to the pK a values for a solvent-exposed Glu side chain (4.3) and pCA (9.0). A 2.1 unit difference between the pK a value of a solventexposed Glu side chain and that obtained in the pB state, and a 0.4 unit change for pCA might arise from the fact that these groups are not completely solvent exposed in pB and hence experience a reduced dielectric constant. Also, hydrogen bonds donated by Glu-46 in the pB state could contribute to such a shift. As a high-resolution structure of full-length PYP in the pB state in solution is not available, these hypotheses cannot be verified at present. A model can be envisaged where obtaining the correct protonation state is a prerequisite for returning to the pG state and precedes the rate-limiting step of cis-to-trans conversion of the chromophore double bond. In such a scenario, the concentration of the productive state for the forward reaction could then be calculated from knowledge of the acidity constants of the two residues in both states. As we have demonstrated here, the pK a constants for Glu-46 and pCA in pG lie far outside the physiological pH window, such that these can be considered constant. The protonation equilibria in pB would then dominate pG-state recovery. Fig. 7 shows the fraction of pB that is in the productive state for the forward reaction to pG. The low population of this state would directly contribute to the observed very slow process of recovery, which occurs on a timescale of seconds. This line of argumentation also explains that, when Glu-46 is substituted by Gln, different kinetics are observed. Below pH 7, the recovery rate is still slow but almost two orders of magnitude faster than the optimum of the wild-type kinetics at high pH (14) , as Gln can donate a hydrogen bond to pCA at any pH such that pG recovery becomes a lot faster and now only depends on the probability that pCA is deprotonated (7, 39) .
CONCLUSIONS
In sum, we provide here a pK a determination for the activesite side chains of PYP using NMR spectroscopy. Our study shows that there are no chemical-shift changes observed for the active-site residues in the pH range 3.4-11.4, demonstrating that the pG state of PYP is completely insensitive to pH in the region where the protein is chemically and structurally stable. This result is supported by the fact that Tyr-42 and Glu-46 hydrogen-bond proton signals are also observed in the same pH range. Our experimental results conclusively establish that the pH-dependent pG-state recovery kinetics must be due to protonation events in the pB state. Our results are consistent with the view that return to the pG state requires two mutually opposing pH-dependent events, deprotonation of the chromophore and protonation of Glu-46.
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